Objectives-To investigate the relation between occupational hazards among nickel refinery workers and their exposure to different forms of nickel over time and the interaction between smoking and total exposure to nickel. Methods-The cohort consisted of 379 workers with first employment and at least three years of employment and 4385 workers with at least one year of employment 1946-83. Data on smoking (ever or never) were available for almost 95% of the cohort. Two analyses were used, indirect standardisation from observed and expected numbers and Poisson regression. Results-During the follow up 1953-93, 203 new cases of lung cancer were observed v 68 expected (standardised incidence ratio (SIR) 3*0, 95% confidence interval (95% CI) 2.6-3.4) and 32 cases of nasal cancer were observed v 1-8 expected (SIR 18-0, 95% CI 12-25). The Poisson regression analysis showed an excess risk of lung cancer in association with exposure to soluble forms of nickel, with a threefold increase in relative risk (RR) (P < 0.001) and a multiplicative effect of smoking and exposure to nickel. The RRs were 1 1 (95% CI 0.2-5.1) for exposed workers who had never smoked and 5-1 (95% CI 13-20-5) for exposed workers who smoked. Conclusion-It is not possible to state with certainty which specific nickel compounds are carcinogenic, but a significant excess risk was found for workers exposed to soluble nickel alone or in combination with other forms of nickel. The present study suggests a multiplicative effect of smoking and nickel exposure. (Occup Environ Med 1996;53:708-713) 
The first indication of an excess risk of respiratory cancer among nickel refinery workers was reported from Clydach, Wales, in 1933 among workers exposed to nickel carbonyl.' Firm evidence became available two decades later, however, that the cancer risk was probably not due to nickel carbonyl,2 but sulphidic and oxidic nickel as in the studies from Canada3 and Norway.4 6 The two Norwegian studies56 also indicated an increased risk of lung cancer among workers in the electrolysis departments implicating soluble forms of nickel. These findings were in contrast to those from Canada, where similar types of work were not associated with an increased risk of lung cancer.7
In 1985, an International Committee on Nickel Carcinogenesis in Man chaired by Sir Richard Doll was formed with the aim of identifying those forms of nickel that are carcinogenic and of establishing dose-exposure relations. Measurements of total nickel were used as a basis for estimates over time for four nickel compounds (metallic nickel, oxidic nickel, sulphidic nickel, and soluble nickel salts). The Committee concluded that more than one form of nickel may give rise to lung and nasal cancer and that exposure to soluble nickel also increases the risks for these cancers. 8 The International Agency for Research on Cancer (IARC) evaluated the carcinogenicity of nickel in 1990.9 All nickel compounds except metallic nickel were classified as carcinogenic to humans in the IARC's overall evaluation. The evaluation was based on epidemiological studies, carcinogenicity studies in experimental animals, and in vitro studies, supported by the underlying concept that nickel compounds can generate nickel ions at critical sites in their target cells.' IO1 It is still not known with certainty what compound or compounds constitute the cancer risk in human, as workers are not exposed exclusively to either soluble or insoluble forms. Soluble nickel compounds do not seem to induce injection site tumours, and nickel subsulphide and beta-nickel monosulphide are the most potent carcinogens in such experiments.9 Considerable differences in tumorigenic potency have been shown, among slightly soluble forms of nickel compounds.'2 Inhalation of soluble nickel compounds has not been reported to cause cancer in experimental animals. Dunnick et al,3 in an inhalation study, recently reported significant increase in lung tumours in rats exposed to nickel subsulphide and nickel oxide, but no such findings for nickel sulphate hexahydrate. Inhalation studies of nickel oxide in rats and hamsters did not increase the occurrence of respiratory tumours, but both nickel oxide and metallic nickel dust induced tumours after intratracheal instillation.9 Binding to DNA and to nuclear proteins and generation of reactive oxygen species are suggested mechanisms for the carcinogenic effect of nickel compounds. The results of experiments in animals and in vitro thus indicate that slightly soluble com-pounds are more active than soluble salts,'4 but workers in this industry have generally been exposed more intensely to particles than to soluble forms of nickel. 8 As smoking is the most important cause of lung cancer, a possible interaction between smoking and occupational exposure must be taken into account, particularly for a high risk group such as nickel refinery workers. In our study reported in 19826 the precision of the estimate of the excess risk of lung cancer caused by smoking among nickel workers was not high, and the effects were close to being additive rather than multiplicative. The aim of the present study was to investigate changes in the occupational risk of lung and nasal cancer over time, dose-exposure relations between different forms of nickel, and to evaluate the interactions between smoking and exposure to nickel.
Material and methods

MATERIAL
A cohort of male employees working at the Falconbridge nickel refinery during the period 1916-83 was established. The study population consisted of: (1) 379 workers who had started work during the period 1916-40 and who had three years or more of total employment and were included in our first two studies and (2) all 4385 workers who started work in the period 1946-83 and who had one or more years of total employment. Both files contained the name, date of birth, and dates of beginning and final end of employment. For each period of employment, the date of entry and date of the end were coded for 82 different working areas, defined as a department, or as a group of workers with the same type of job in a department. The study was confined to employees alive at the beginning of the follow up period on 1 January 1953.
Data on smoking habits were collected by the medical department at the refinery, from the medical records for 4605 workers, and from colleagues for 159 workers (128 ever smokers and 31 never smokers). The material was divided into two groups only: those who had never smoked and those who were present or past smokers. Data were available for almost 95% of the workers; 76% had smoked at some time, which is a higher percentage than in the same age group in the general male population. the follow up started after one year of total employment. People who died or who emigrated were followed up to the time of these events.
II
The Cancer Registry has records of all new cases of cancer in Norway since 1953. The registration is based on compulsory reporting from hospitals and histopathological laboratories, and less than 1 % of all cases are based on death certificates alone. Since the census of 1960, a personal identification number has been given to all inhabitants of the country. This number was used in this study; matching of all deaths and cancer morbidity after 1960 was therefore fully automated, but had to be done manually for the preceding years.
The study was based on a comparison of observed and expected incidence of cancer. The five-year age specific incidences for each year from 1953 to 1993 for the entire Norwegian male population were used to estimate the expected number of new cases. Standardised incidence ratios (SIRs) were calculated for all cancer and for selected types of cancer. For all SIRs, 95% confidence intervals (95% CIs) were calculated by assuming a Poisson distribution for the observed number of cancer cases. A result was regarded as significant if 10 was not included in the 95% CI for the SIR. The data analysis was performed with the Epicure program package. '7 The study of interaction between smoking in the general population and smoking and exposure to nickel was restricted to nickel refinery workers with the same birth cohorts as the general population (1893-1927) and the same follow up period (1966-92). Only workers first employed before 1966 and with a cumulative exposure of > 1 mg/m3year of total nickel were included (1337 workers). The cohort of nickel refinery workers was compared with the population sample by multivariate Poisson regression analysis.'8 As well as smoking habits and exposure to nickel, variables for age and birth cohort were included in the model.
ESTIMATION OF EXPOSURE TO NICKEL
We based our estimates of exposure to different forms of nickel on the Hybinette process,1 which was used at the refinery from 1910 until 1978. A description of the process after that period and details of the exposures were given by Doll et al,8 and derivations from the original exposure matrix are described in more detail.
Several measurements of atmospheric nickel were made in most process areas at the refinery in 1973, but few measurements were available before that year. Some measurements were, however, obtained in 1964,20 and others were made in the roasting and smelting working areas in 1952-3. All of these data were the basis for the estimates used in this study. The concentrations of total airborne nickel and the different forms present in all periods were estimated by a group of engineers, medical personnel with experience in occupational medicine, and others with long experience at the refinery; researchers from the Institute of Occupational Health and the Table 3 shows the incidence of lung cancer by year of first exposure for workers exposed to > 0 1 mg/M3 total nickel (182 out of 203 lung cancer cases). Table 3 shows that an excess risk is also present in the group of workers with first employment in 1968 or later. It is Nickel smoking and incidence of lung and nasal cancer working in the electrolysis department who were exposed to the soluble form of nickel at a concentration of 0 5 to 2-0 mg/mi and to insoluble forms at 0d1-0-5 mg/mi. In a small area in that department (the tankhouse basement) exposure to soluble forms of nickel was estimated to be as high as 2-0-8-0 mg/mi during the production period up to 1978. An analysis was therefore performed to examine the dose-exposure relation for specific forms of nickel after adjustment for the other form (table 5) . Workers with the highest cumulative soluble exposures of > 15 mg/M3 nickel had a threefold increase in RR in comparison with the reference population and a significant trend (P < 0-001). There is also some evidence to suggest that long-term exposure to nickel oxide is related to an excess risk of lung cancer, with a 50% increase in relative risk (test for linear trend, P = 0 05). Out of the total of 203 cases of lung cancer, 189 were in workers classified as ever smokers and 11 cases in the group of never smokers. In table 6, the relative risks for the groups of smokers not exposed and exposed to nickel are compared with the group of never smokers not exposed to nickel. The relative risks for the two groups of smokers were 2-9 and 5-1 respectively, suggesting a multiplicative effect of smoking on the effect of occupational exposure to nickel. The cohort of nickel refinery workers was also compared with a sample from the general population. The group of never smokers not exposed to nickel in the general population was used for reference. The group of smokers not exposed to nickel had an RR of 6-1 (95% CI 3-0-12-4), whereas the two groups of workers exposed to nickel had an RR of [3] [4] [5] [6] (95% CI 1-1-12) and 23 (95% for the never smoking and smoking groups, respectively.
Discussion
The main purpose of this study was to obtain a better understanding of human risk of respiratory cancer associated with exposure to the different forms of nickel occurring in this nickel refinery, and to study the interaction between nickel exposure and smoking. The results from the extended follow up show a consistent increase in the risk of lung cancer as reported previously,56 but also among those with first exposure after 1968, when the environment was improved. The study gave strong evidence of a relation between exposure to soluble nickel and lung cancer when either internal or external controls were used; whereas the evidence was not so strong for oxidic nickel. However, there was some evidence to suggest that oxidic nickel is a stronger hazard for nasal cancer than soluble nickel, as 12 cases (0-27 expected) out of the 32 occurred among workers exposed mostly to nickel oxides. The results also suggest a multiplicative effect of the risk of lung cancer from smoking and total exposure to nickel.
An increased risk of lung cancer among workers exposed to soluble nickel was also found in the data from Clydach,' 2 after reanalyses by Doll et al. 8 Exposure to both forms of nickel was common in both refineries up to 1929; however, the Clydach refinery changed their technology in 1930,2 whereas the workers included in the present study continued to be exposed to high concentrations of soluble forms of nickel until 1978. No excess risk of lung cancer was found among electrolysis workers in the Port Colborne refinery7 or in the Finnish refinery,2' but workers in these two factories had been exposed to a lower concentration of soluble nickel in the general electrolysis department (< 0 3 mg/m3 nickel in Port Colborne and < 0 5 mg/mi nickel in Finland).
In our previous two papers, no excess risk of lung cancer was found among those with first entry in 1968 or later, when exposure to insoluble forms of nickel was reduced. The improvement in working conditions, however, did not reduce the risk of lung cancer as workers first exposed after that date still had the same high risk as workers exposed in previous years (table 3) . It is important to note that the estimates used for this period were based primarily on real measurements obtained in 1973. If the relation between exposure to soluble nickel and lung cancer is causal, a decrease in incidence cannot be expected in workers exposed before 1978, when improvements were made to reduce exposure to soluble nickel. All of the 17 workers with lung cancer who were first exposed after 1968 were also first exposed before 1978. As the expected number of cases of lung cancer among those first exposed in 1978 or later is only 0-43, an extended follow up of lung cancer is necessary before a final conclusion can be drawn.
Use of a job exposure matrix in epidemiological studies is important, but its value depends on its ability to distinguish between truly exposed and unexposed people.22 The process steps in a nickel refinery are complex, and it was therefore difficult to identify working areas where exposure was exclusively to soluble or insoluble nickel compounds. In this study, the estimates were usually first made for small working areas, before the estimates were combined into broader groups exposed at the same level over time. A weakness of the method, as also used in other similar studies,823 was that all the measurements were based on total nickel concentration. It was assumed that the nickel species occurred in respirable dust in the same proportion as in the material being handled in the various work areas. Some amount of soluble nickel may also have occurred in the calcining and roasting departments. Recent measurements of flue dust in the gas handling system indicate that there was some nickel sulphate in these working areas. An underestimate of the concentration of soluble nickel in the calcining and roasting departments would certainly not affect the overall conclusions, but would indicate that soluble nickel may have been important in these working areas as well.
In the group of workers classified with no nickel exposure, 21 cases of lung cancer were observed (SIR 1-8, 95% CI 1 1-2 8). This group of men also included workers in various maintenance shops. They have been exposed to asbestos and for periods also to nickel. For many years asbestos was widely used at the refinery and all the three cases of malignant mesothelioma in the present study were in this subgroup. As no cases of this disease were found among workers in the calcining or electrolysis department it is unlikely that exposure to asbestos could explain the overall increased risk of lung cancer at the refinery.
Unlike our previous findings,6 evidence from this study suggests a multiplicative effect on lung cancer of exposure to total nickel and smoking. In our report of 1982 we concluded that smoking had an additive effect with occupational exposure to nickel. The workers exposed to nickel were, however, classified differently in the two studies: in the first study all employees were included. In the present study, only those workers with a cumulative exposure to ) 0 1 mg/mi nickel in total were included in this analysis; furthermore, all of the data on smoking were checked in the medical file, except for those 159 obtained through interview.
Although occupational exposure may cause lung cancer, cigarette smoking is a more important factor.24 In the present study, smoking in combination with exposure to nickel seems to interact, creating an exceedingly high risk of lung cancer for workers who both smoked and were exposed to nickel (table 6) . The results indicate a multiplicative effect, but a weakness is certainly the small numbers in the two never smoker groups with only two and nine cases in the unexposed and the exposed groups of workers, respectively. A multiplicative effect was also found in the analysis that used data on smoking from the population based sample'6 when the men who never smoked in the general population were used as a reference. Few studies of nickel refinery workers have data on smoking. In the case-control study from New Caledonia, no firm evidence could be drawn of exposure to nickel and smoking as the study was based on few cases.25 Coultas and Samet reported that the only interactions between smoking and an occupational exposure known to affect lung cancer are those with asbestos or radon.26 Our findings may be added to that list.
An excess in incidence of nasal cancer was found in almost all studies of nickel refinery workers. ' 25-8 All of the cases of nasal cancer in the present study occurred in workers first employed before 1956. The material handled in the roasting department was changed in 1954 when arsenic was almost entirely removed. Arsenic is a well known carcinogen, but has not been reported to cause nasal cancer.27 There is some evidence that oxidic nickel at the highest cumulative exposure (> 15 mg/mi, 12 observed v 027 expected, table 2) is a stronger hazard than soluble nickel. There is also evidence that exposure to both soluble nickel at the highest cumulative exposure (> 15 mg/M3n) and oxidic nickel is more strongly associated with nasal cancer than soluble nickel alone (table 2) .
Cancer of the prostate was also found in excess. Incidence reports from the Cancer Registry show geographical variation in the incidence of prostate cancer28; the incidence in the southern part of Norway, where the factory is located, being 20%-30% higher than in the whole country. This difference could explain almost all of the increased risk. This is possibly due to more intensive diagnostics, as the death rate from prostatic cancer in the region is similar to that for the total population. 29 The present study confirms the results of our previous reports on the cancer risk associated with exposure to soluble forms of nickel and indicates risks also in working areas with exposure to soluble nickel and exposure to other forms of nickel. An excess risk of lung cancer was found among nickel refinery workers in Norway even when employment started after 1968. It is not possible to state with certainty which specific nickel compounds are carcinogenic, but a significant excess risk was found for workers exposed to soluble nickel alone or in combination with other forms of nickel. The present study also suggests a multiplicative effect between smoking and exposure to nickel. Whether smoking is a requirement for the risk of lung cancer in nickel refinery workers remains to be seen.
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